ABSTRACT: Next generation sequencing (NGS) technologies have been rapidly applied in biomedical and biological research since its advent only a few years ago, and they are expected to advance at an unprecedented pace in the following years. To provide the research community with a comprehensive NGS resource, we have developed the database Next Generation Sequencing Catalog (NGS Catalog, http://bioinfo.mc.vanderbilt.edu/NGS/index.html), a continually updated database that collects, curates and manages available human NGS data obtained from published literature. NGS Catalog deposits publication information of NGS studies and their mutation characteristics (SNVs, small insertions/deletions, copy number variations, and structural variants), as well as mutated genes and gene fusions detected by NGS. Other functions include user data upload, NGS general analysis pipelines, and NGS software. NGS Catalog is particularly useful for investigators who are new to NGS but would like to take advantage of these powerful technologies for their own research. Finally, based on the data deposited in NGS Catalog, we summarized features and findings from whole exome sequencing, whole genome sequencing, and transcriptome sequencing studies for human diseases or traits.
INTRODUCTION
Next generation sequencing (NGS), also known as massively parallel sequencing, is rapidly transforming biomedical and biological research from single gene to genome scale [Koboldt et al., 2010; Metzker, 2009] . Compared with gene expression microarray developed in the late 1990s and early 2000s, the NGS technologies OFFICIAL JOURNAL www.hgvs.org have a much higher impact on diverse biological applications, especially the clinical diagnostic applications. Within only a few years of the advent of NGS technologies, it is now possible to allow researchers to apply whole exome sequencing (Exome-Seq), whole genome sequencing (WGS), whole transcriptome sequencing (RNA-Seq), or a combination of them to investigate individual genome(s), especially those related to disease. Due to the massive amount of genetic information generated, these sequencing strategies are quickly shifting the paradigm of basic and translational research. Consequently, the number of applications of NGS to various genomic studies has increased at an exceptional speed over the past several years.
As of December 2011, the genomes of at least 13 healthy individuals have been sequenced and published, each of which had high coverage (average number of reads of each genomic site) using the NGS technologies (Supp. Table S1 ). Analysis of the first reported personal genome (the Watson Genome), which was sequenced to approximately 7× coverage on the 454 GS FLX platform, revealed 3.3 million single nucleotide variants (SNVs) [Wheeler et al., 2008b] . Among these SNVs, 0.6 million were novel; that is, they were not found in the dbSNP database (http://www.ncbi.nlm.nih.gov/projects/SNP/) [Sherry et al., 2001] . Analyses of other human individual genomes by WGS reported a similar number of SNVs (~3-4 millions per genome) (Supp. Table S1 ). For those SNVs, approximately 80-90% was included in the dbSNP database. The genotype concordance of the identified SNVs is usually in the range of 98-99% in the reported personal genome sequencing studies, indicating a high quality of the NGS data. Of importance, the ratio of the number of transitions to the number of transversions (Ti/Tv) is consistently found to be ~2.1. This ratio of 2.1 has been well reported in previous studies of specific genomic regions, and it has become the gold standard for SNV detection in WGS studies [Koboldt et al., 2010] .
NGS technologies have demonstrated their power in detecting disease causing or causative genetic variants of human diseases [Gilissen et al., 2011; Shendure, 2011] , especially in cancer [Ding et al., 2010b; Robison, 2010] . The genetic variants identified by NGS technologies typically include single nucleotide variants (SNVs), small insertions and deletions (indels), copy number variations (CNVs) and large structural variants (SVs). In 2009, Ng et al. [2009a; first demonstrated that Exome-Seq was able to uncover candidate genes for a human Mendelian disease (the Miller syndrome). In another study, Hoischen et al. [2010] first successfully applied Exome-Seq to identify a dominant disease gene SETBP1 that caused Schinzel-Giedion syndrome. These studies illustrated the great potential of Exome-Seq technology to uncover Mendelian disease genes in a high-throughput fashion. Not surprisingly, as the cost of NGS has decreased dramatically since the advent of NGS technologies, many researchers have quickly followed and applied Exome-Seq for disease gene discovery. However, because of its targeted genomic regions (exons and flanking regions), limitations of Exome-Seq to date include its incapability and inefficiency to identify SVs, CNVs, or non-coding variants, which is within the capacity of WGS. For WGS applications, Campbell et al. [2008] were the first to apply low-coverage WGS to detect CNVs and SVs in cancer genomes. They applied the Illumina sequencing technology platform to generate sequence reads from the genomes of two lung cancer cell lines and identified two fusion transcripts in addition to other genomic rearrangements. Subsequently, the Ley et al. [2008] study was the first to sequence the entire cancer genome of a patient. They used high-coverage WGS to sequence a typical acute myeloid leukemia genome (32.7 × coverage) and its matched normal counterpart (13.9 × coverage) obtained from the same patient, and this design had the goal of unbiased identification of tumor-specific mutations that altered the protein-coding genes. The pioneering work above has stimulated the application of NGS to disease studies and is shifting the paradigm of biomedical research. Accordingly, NGS studies have led to a substantial expansion of the realm of disease/trait associated genetic studies.
Rapidly emerging NGS studies provide us with an exceptional opportunity to examine the potential impact of genetic variants on diseases by systematically cataloging and summarizing key characteristics of the observed SNVs, indels, CNVs, and SVs. Although there is a review of some features such as identification of causative mutations using Exome-Seq for Mendelian disease [Gilissen et al., 2011] , a comprehensive survey across all NGS publications, to date, has not been conducted yet. Knowledge synthesis of these analyses can translate the rapidly emerging data from disease genetic association research into potential applications for clinical practice, which is important for researchers to expand the utilities of NGS technologies based on previous work, to generate new hypotheses for follow up functional validations, and to explore new discoveries from existing and newly generated NGS datasets.
To provide the research community with a comprehensive NGS resource and facilitate translational research on disease genetics, we have developed the Next Generation Sequencing Catalog (NGS Catalog, http://bioinfo.mc.vanderbilt.edu/NGS/index.html), a continually updated database that collects, curates, and manages available human NGS data from published literature. To the best of our knowledge, this is the first online resource for the published NGS studies that focus on human diseases/traits. The NGS Catalog deposits all available genomic characteristics of disease/trait associated SNVs, small indels, CNVs, and SVs. It also collects mutated genes, the variants in the mutated genes, and gene fusions detected by NGS technologies if such information can be obtained from the literature. Additionally, NGS Catalog provides a comprehensive and updated list of software widely used in the NGS community, as well as general pipelines for the analysis of Exome-Seq, WGS and RNASeq data. These features are particularly useful for numerous investigators who are new to NGS but would like to take the advantage of these powerful technologies for their own research. Finally, based on the data deposited in NGS Catalog, we summarized features and findings from germline mutations and somatic mutations studies for human diseases/traits.
MATERIALS AND METHODS
The design of the NGS Catalog, including data collection, curation, database design and implementation, and website development, follows the guidelines proposed by the GWAS Catalog [Hindorff et al., 2009] and our two recent databases: Ethanol Related Gene Resource (ERGR) [Guo et al., 2009] and Schizophrenia Gene Resource (SZGR) [Jia et al., 2010] . Details are provided below.
Data Collection
Studies are eligible to be included in our database if they meet the following criteria. First, the publications should be online or in peer reviewed journals and published in English. Second, the studies are disease-or traitoriented in humans. Third, the studies provide sufficient information and include technical details such as bioinformatics analysis procedures and number of variants detected.
Published literature related to or employing NGS techniques were collected primarily through weekly PubMed searches (http://www.ncbi.nlm.nih.gov/pubmed). We also periodically performed literature searches using Google Scholar (http://scholar.google.com/). We applied several strategies in the PubMed searches. First, a literature search was performed with general terms: "high throughput sequencing" OR "next generation sequencing." Experiment-specific terms were then applied to filter the search results. For RNA-Seq, we used "RNA sequences" OR "transcriptome sequencing". Of note, RNA-Seq in our database is primarily addressed as a method to sequence the transcribed portions of genome, rather than to measure expression level. For Exome-Seq, we used "exome sequencing"; for WGS, we used "whole genome sequencing." Among the searched results, review articles and publications primarily focusing on NGS tool development were removed. As a specific example, to identify Exome-Seq related publications in disease studies, we searched the PubMed database using the key term "Exomesequencing AND disease" to retrieve all studies and used the limits setting "Humans." This specific search yielded 39 publications to be further manually checked. Of these publications, 37 were included in our database (as of August, 2011) .
We retrieved all the publications that met the criteria above, along with their supplementary materials, which often contained more related information, for the NGS Catalog database.
Data Extraction and Preparation
The information extracted from each eligible publication can be distinguished by three categories: publication information, study information and result summary. Specifically, publication information includes first author (last name), publication date (online/electronic publication date if available), full journal name, and the title of the paper. For study information, we extracted biological information, including the diseases/traits examined, mutation type, population or ethnic background of the samples, sample composition, as well as technical information, including NGS methods and platforms, maximum read length, average coverage, computational tools, reference genome and public SNPs database used in the study. For result summary information, the numbers of total and novel variants, including SNVs, indels, CNVs and SVs, if available, were collected. Moreover, we collected the disease/trait associated genes, the identified variants in these genes and gene fusions reported by the authors. In our extraction process, if some information was not available, it was labeled as missing.
Database Design and Implementation
The data extracted from NGS publications was managed through MySQL (http://www.mysql.com/), an open source relational database management system that has been widely used in biomedical and biological research. We created a main table to store a description of each publication and a summary of the corresponding study. Other information was stored in separate tables and linked by keys. For example, one table was designed specifically to map each gene name to its Entrez Gene identifier, by which the system could retrieve gene information from the National Center for Biotechnology Information (NCBI) database (http://www.ncbi.nlm.nih.gov/gene/). This design allows us to easily update the database frequently and keep public information updated through dynamic links.
RESULTS AND DISCUSSION

Web Interface
The NGS Catalog database can be browsed or accessed in three ways: (1) the study-oriented web function, (2) the technique-oriented function, and (3) the user upload function. We describe each of them below.
The studies deposited in the NGS Catalog database can be retrieved through its web interface. For ease of use, we provided a search function in multiple ways. For example, users may use any of the keywords related to disease/trait, gene, mutation type, journal, publication date, sequencing platform, author, or their combination to search for studies deposited in the database. Figure 1 shows an example using two keywords, TP53 and Link, to retrieve the study by Link et al., which was published in the Journal of the American Medical Association in April 2011 [Link et al., 2011] . By default, the records retrieved from the database are ordered by publication date. If the query result is not empty, a web link will be provided to allow the users to save the query result, as shown in Figure 1 . To present the search results, a summary table is generated in the first page with each row for each study. In each row, the first column shows the authors, title, and publication date, followed by other columns listing the mutation type (somatic mutation or germline mutation), the number of SNVs, the number of short indels, the number of CNVs, the number of large SVs, and the reported genes and gene fusions whenever available. For more information, users may click the publication title link, and then a detailed web page describing the study pops up, including NGS platforms, average coverage of the NGS experiment, mapping tools, and variant calling software, among others. Moreover, NGS Catalog collects variants from the studies if available. A detailed web page for these variants, including chromosomal position and specific changes in the cDNA and protein sequences, will pop up when the mutation type link is clicked. Currently, we mainly provide SNVs and short indels of the reported gene(s). For the studies that contain more than 50 variants, we do not list these variants due to workload constraints and beyond our main aim; rather, a brief summary ">50 mutations" is displayed. In addition to the study information, NGS Catalog has collected software widely used in the NGS community. The software is grouped into the following eight categories: (i) Mapping tools, (ii) SNV detection; (iii) Indel detection; (iv) CNV detection; (v) SV detection; (vi) Annotation; (vii) Data visualization, and (viii) Fusion gene detection. The web page presenting this information can be opened by clicking "Software" on the functional menu. Moreover, three pipelines for WGS, RNA-Seq and Exome-Seq, respectively, are provided on the NGS Catalog website, allowing new investigators to have a general view of the data process and analysis.
Aside from data retrieval from NGS Catalog, users are encouraged to upload additional publication information to the website. Users may first search the NGS Catalog database to check if their publication has already been deposited into the database. If not, users may upload the related publication information, which will be stored in NGS Catalog. The new record will be forwarded to the NGS Catalog developer via email and will become available after a manual check and confirmation.
Finally, users can provide feedback to us through the webpage, accessible via the menu function "Feedback." This important feature will help us gain feedback from users, including information regarding data quality or errors, new features, new publications, and so on, so that NGS Catalog can be improved through users' experiences.
All the descriptions above are available in our user-friendly online manual, which is accessible through the menu item "Documents" on the website.
Data Overview
We restricted our analyses to 240 NGS studies deposited in NGS Catalog by December 31, 2011. As summarized in Figure 2A , they included 157 Exome-Seq, 47 WGS, and 39 RNA-Seq studies, respectively (note that in some studies these sequencing technologies were combined to sequence one sample). We expect this number to increase dramatically considering the increasingly widespread applications of NGS technologies to the acquisition of genomic data, as indicated in Figure 2B . Most of these NGS studies were based on the Illumina platform (Supp . Table S2 ). So far, The American Journal of Human Genetics, Nature and Nature Genetics are the top journals that published these studies (Supp . Table S3 ).
Germline Mutation Detection
NGS can be applied to identify germline mutations. For example, family-based Exome-Seq has been applied to identify causative germline mutations that underlie Mendelian diseases. Considering most variations are mediated by non-synonymous, frame-shifting and canonical splice variation in such diseases, Exome-Seq is ideal for researchers to understand high-penetrance allelic mutations and their relationships to diseases/traits [Gilissen et al., 2011] . During the past two years we have seen numerous proof-of-concept studies using Exome-Seq technologies to identify new Mendelian disease genes related to recessive and dominant disorders, such as Miller syndrome [Ng et al., 2009a] , Kabuki syndrome [Ng et al., 2010] , and several others. These studies have led to the identification of over 40 new disease genes (Supp . Table S4 ). These publications paint a mixed picture of phenotypes, genes and mutations underlying Mendelian diseases. As shown in Supp. Table S4 , there is a trend toward recessive disorders, in which the genetic causes are easier to detect than those of dominant disorders. In a recent review of the Mendelian diseases that have been studied by Exome-Seq to date [Gilissen et al., 2011] , the authors pointed out that an Exome-Seq study could not always identify a new disease gene. For example, Xiao et al. used Exome-Seq to identify pathogenic mutations in a large Chinese family with congenital motor nystagmus (CMN); however, no causative gene was identified in that family [Xiao et al., 2011] . Several reasons such as failure in capturing the genomic region where causative gene resides may explain this failure of identification of CMN gene. Furthermore, NOTCH2 was identified as the disease gene for Hajdu-Cheney syndrome by two different groups at almost the same time [Isidor et al., 2011; Simpson et al., 2011] . This clearly indicates that Exome-Seq is rapidly expanding all over the world and there is fierce competition among NGS Studies.
In addition to Exome-Seq, WGS can also be applied to study Mendelian diseases [Swami, 2010] . Lupski et al. [2010] applied the WGS method to identify variants and genes involved in Charcot-Marie-Tooth disease. This is the first study using WGS to discover a recessive disease gene (SH3TC2). In that study, the authors sequenced the whole genome of one individual with Charcot-Marie-Tooth and called approximately 3.4 million SNVs. In addition, WGS has been used to detect germline mutations in cancer as well. For example, Yokoyama et al identified a germline mutation in MITF that was associated with sporadic melanoma via sequencing the genome of an affected individual from a number of melanoma families [Yokoyama et al., 2011] .
Somatic Mutation Detection
Besides germline mutations, NGS has been widely used to detect somatic mutations in complex diseases and traits, especially cancer. Exome-Seq has been applied to study somatic SNVs and short indels in many types of cancers, such as acute monocytic leukemia [Yan et al., 2011] , melanoma [Nikolaev et al., 2011; Stark et al., 2011; Wei et al., 2011] , and gastric cancer . However, one drawback of Exome-Seq is its lack of capacity in detecting SVs [Karakoc et al., 2011] , which occur frequently in cancer. Compared with Exome-Seq, WGS is particularly appealing because it can detect a full spectrum of genetic variants (SNVs, indels, CNVs and SVs) that may contribute to human cancer. Obviously, however, much more cost and effort is needed in a WGS project than an Exome-Seq project.
The complete genome sequencing of several types of human cancer (Table 1) , such as melanoma [Pleasance et al., 2009a] , lung cancer , and hepatocellular carcinoma [Totoki et al., 2011] , has dramatically expanded the catalog of somatic mutations that may contribute to cancer development and growth.
It has been observed that transitions (A↔G and C↔T) occur at a higher frequency than transversions (A↔C, A↔T, C↔G, and G↔T), which is known to be a general property of DNA sequence change and evolution [Jiang and Zhao, 2006] . Recent human studies have shown that for a whole human genome, the ratio of the number of transitions to the number of transversions (Ti/Tv) is estimated to be around 2.1 when the genome is assessed as a whole or large scale [Moore et al., 2011; Pelak et al., 2010] . With a large number of WGS studies of cancer and the corresponding control samples collected in our database (see Table 1 ), it is worthwhile to examine this feature specifically in cancer genomes. We calculated the Ti/Tv ratio of somatic mutations and then compared this feature. The results are shown in Figure 3 and Supp. Table S5 . It is important to note that the number of somatic mutations and the values of Ti/Tv ratio varied greatly both within and between classes of cancer, indicating that the somatic mutational spectrum is complicated and highly different from the germline mutational spectrum.
As indicated in Figure 3 , the Ti/Tv ratios of somatic mutations in most cancers were below 2, whereas a melanoma (COLO-829 cell line) showed an exceptionally large ratio value (3.26). This high Ti/Tv ratio was similarly observed in our recent WGS study of a chemotherapy-naive metastatic melanoma (5.25, Dahlman et al., manuscript submitted). T>C/A>G transition is the second most frequent type of mutations in our case, while in COLO-829 C>A/G>T transversion is the second most frequent type of mutations; this difference might result in even a larger Ti/Tv ratio in our melanoma dataset. The lowest Ti/Tv ratio was observed in non-small-cell lung cancer (0.36), followed by small-cell lung cancer (0.67). While we know that somatic mutations in melanoma and lung cancer studies may reflect previous exposure to mutagens such as ultraviolet radiation light and tobacco smoke carcinogens, respectively, the detailed pathogenesis is not quite understood. Figure 3 also shows the differences within the same types of cancer. For example, in colorectal cancer, the highest Ti/Tv value is 1.23 for the sample CRC-3 while the lowest value is 0.79 for the sample CRC-5. One reason for this difference is that the signatures derived in the past from known cancer genes or functionally important genes, such as TP53, are inevitably influenced by biological selection, which distorts the patterns generated by the underlying mutational processes [Greenman et al., 2007] . This is supported by the fact that the Ti/Tv ratio of therapy-related AML (t-AML) with TP53 mutations is 1.06, whereas two de novo AML (without chemo/radiotherapy) genomes without TP53 mutations have much higher ratios. A similar phenomenon exists in chronic lymphocytic leukemia, where the samples with mutations in immunoglobulin genes (CLL3 and CLL4) have a relatively lower value of Ti/Tv when compared with the samples without mutations in these genes (CLL1 and CLL2).
Besides Exome-Seq and WGS, another prominent development in the field of NGS is to apply RNA-Seq to examine the whole transcriptome in high resolution. RNA-Seq only sequences the regions of the genome that are transcribed and spliced into mature mRNA, which is approximately 2% of the entire genome [Sboner et al., 2010] . While the major application of RNA-Seq is to identify differentially expressed transcripts or genes, here, we focus on its advantages in detecting variants/mutations, especially somatic mutations, including gene fusions in cancers. The advantage that makes RNA-Seq ideal for discovery of expressed fusion genes in cancer is that it allows the detection of multiple alternative splice variants resulting from a fusion event. The feasibility of applying RNA-Seq to detect fusion genes in cancer genomes was first evaluated by Maher et al. [2009a] , who not only pinpointed known chimeras such as TMPRSS2-ERG and BCR-ABL1 from RNA-Seq data of tumor and cancer cell lines but also found novel fusions that were subsequently validated by experiments. This pioneering work demonstrated the full power of RNA-Seq for hybrid gene detection and stimulated RNA-Seq applications in cancer research. Table 2 summarizes recent RNA-Seq studies that have resulted in the findings of novel hybrid oncogenes, which are available through the NGS Catalog. However, one limitation in the RNA-Seq application is that it cannot detect gene fusion events involving non-transcribed regions [Kim and Salzberg, 2011] . Other factors that complicate RNA-Seq data analysis are the tissue-specificity and the broad dynamic range of expression in the human transcriptome. The Ti/Tv ratio of AML was derived by the mutational spectrum figure in Link et al. [2011] ; the Ti/Tv ratio of HCC was calculated based on the mutation data provided by Totoki et al. [2011] ; the Ti/Tv ratio of CMM was based on our recent melanoma WGS study (Dahlman et al., manuscript submitted); the remaining Ti/Tv ratios were calculated based on the supplementary data of original papers. NSCLC, non-small-cell lung cancer; SCLC, small-cell lung cancer; CRC, colorectal cancer; PR, prostate cancer; CLL, chronic lymphocytic leukemia; AML, acute myeloid leukemia; HCC, hepatitis C virus-positive hepatocellular carcinoma; CLL1 and CLL2, with no mutations in the immunoglobulin genes (IGHV-unmutated) and CLL3 and CLL4, with mutations in these genes (IGHV-mutated); t-AML, therapy-related AML with TP53 mutations; AML2 and AML52 are two de novo AML (without chemo/readiotherapy) genomes without TP53 mutations; CMM, chemotherapy-naive metastatic melanoma.
With increasingly widespread applications of RNA-Seq, major advancements have been made in the discovery of gene fusions. [Mitelman et al., 2007] . These gene fusions enhance our understanding of the origins of cancer. More significantly, a number of fusions have been recognized as important prognostic tools or therapeutic targets in anti-cancer treatments. In a study reported recently [Tomlins et al., 2011] , a newly invented urine test has been developed to detect the presence of TMPRSS2-ERG, thereby assessing the risk of prostate cancer. [Salzman et al., 2011] Next Generation Sequencing Database E2351
CONCLUSION
The application of NGS technologies to biomedical and biological research has advanced rapidly over the past few years and is expected to advance at an unprecedented pace in the following years. A simple example illustrates this point: Ley and colleagues identified a somatic mutation in DNMT3A from a woman with acute myeloid leukemia [Ley et al., 2010] , which was not found in their previous sequencing study based on the Illumina sequencing technology platform using the same case [Ley et al., 2008] . The main reason behind this fact is the improved sequencing technology that has become more and more sensitive, efficient, and sophisticated.
NGS studies have added significant genetic information and deepened our knowledge and understanding of the genetic variants in the human genome. To facilitate NGS studies in human diseases/traits, we have developed the Next Generation Sequencing Catalog (NGS Catalog, http://bioinfo.mc.vanderbilt.edu/NGS/index.html), a continually updated database that collects, curates and manages available human NGS data published in the literatures. NGS Catalog is a unique database for NGS studies in human diseases and is freely available to the public. This valuable database could significantly reduce investigators' efforts to develop NGS studies in human diseases/traits, and NGS Catalog makes important information in the field easily accessible and available to the research community. We will continue to collect NGS publications and make the NGS Catalog database more comprehensive in the near future. Moreover, we will develop more online tools that allow users to custom browse and search the website, as well as to communicate with each other through the NGS Catalog.
